Alginic acid synthesis in Pseudomonas aeruginosa mutants defective in carbohydrate metabolism by Banerjee, P. C. et al.
Vol. 155, No. 1JOURNAL oF BACTERIOLOGY, July 1983, p. 238-245
0021-9193/83/070238-08$02.00/0
Copyright G) 1983, American Society for Microbiology
Alginic Acid Synthesis in Pseudomonas aeruginosa Mutants
Defective in Carbohydrate Metabolism
P. C. BANERJEE, R. I. VANAGS, A. M. CHAKRABARTY,* AND P. K. MAITRAt
Department of Microbiology and Immunology, University of Illinois at Chicago, Chicago, Illinois 60612
Received 20 January 1983/Accepted 29 April 1983
Mutant cells of mucoid Pseudomonas aeruginosa isolated from cystic fibrosis
patients were examined for their ability to synthesize alginic acid in resting cell
suspensions. Unlike the wild-type strain which synthesizes alginic acid from
glycerol, fructose, mannitol, glucose, gluconate, glutamate, or succinate, mutants
lacking specific enzymes of carbohydrate metabolism are uniquely impaired. A
phosphoglucose isomerase mutant did not synthesize the polysaccharide from
mannitol, nor did a glucose 6-phosphate dehydrogenase mutant synthesize the
polysaccharide from mannitol or glucose. Mutants lacking the Entner-Doudoroff
pathway dehydrase or aldolase failed to produce alginate from mannitol, glucose,
or gluconate, as a 3-phosphoglycerate kinase or glyceraldehyde 3-phosphate
dehydrogenase mutant failed to produce from glutamate or succinate. These
results demonstrate the primary role of the Entner-Doudoroff pathway enzymes in
the synthesis of alginate from glucose, mannitol, or gluconate and the role of
glyceraldehyde 3-phosphate dehydrogenase reaction for the synthesis from glu-
coneogenic precursors such as glutamate. The virtual absence of any activity of
phosphomannose isomerase in cell extracts of several independent mucoid
bacteria and the impairment of alginate synthesis from mannitol in mutants
lacking phosphoglucose isomerase or glucose 6-phosphate dehydrogenase rule out
free mannose 6-phosphate as an intermediate in alginate biosynthesis.
Alginic acid is a polymer of selectively acety-
lated D-mannuronic and L-guluronic acids se-
creted by strains of Azotobacter vinelandii (5)
and Pseudomonas aeruginosa (4). Some strains
of the latter, particularly those isolated from
cystic fibrosis patients, synthesize the exopoly-
saccharide in copious amounts (16) during expo-
nential growth on various carbon sources. Dur-
ing growth on glucose, at least half of the
dissimilated sugar appears as alginic acid. It is
curious that the biosynthetic pathway of this
major metabolite has not been worked out.
Based on a proposal by Lin and Hassid (10), a
pathway of alginate biosynthesis has been sug-
gested to operate in P. aeruginosa (20,22) as it
operates in A. vinelandii (21). The basic feature
of the pathway is the conversion of the glycolyt-
ic intermediate fructose 6-phosphate to mannose
1-phosphate via mannose 6-phosphate through
the enzymes phosphomannose isomerase and
phosphomannose mutase, followed by the for-
mation of GDP-mannose which is subsequently
oxidized, polymerized, epimerized, and acety-
lated to alginic acid.
t On sabbatical leave from the Tata Institute of Fundamen-
tal Research, Bombay 400 005, India.
We describe here results of some of our
experiments with resting-cell suspensions of mu-
coid P. aeruginosa that permit synthesis of
alginic acid from several precursor compounds
such as sugars, dicarboxylic acids, etc. We have
examined in this system the synthesis of the
polysaccharide in mutants affected in various
enzymes of carbohydrate metabolism. Our re-
sults indicated that triose phosphates or their
condensation product, such as fructose 1,6-di-
phosphate rather than mannose 6-phosphate,
serve as the precursor of alginate in a mucoid
cystic fibrosis isolate of P. aeruginosa.
MATERILS AND METHODS
Stock cultures. Mucoid strain FRD1 of P. aerugino-
sa was isolated from the sputum of a cystic fibrosis
patient. A histidine auxotroph isolated by mutagenesis
with ethyl methane sulfonate (17) and designated
FRD7 was used as the strain in which further muta-
tions were derived. Cultures were maintained on LB
agar plates (12), and stocks were stored in sterile skim
milk (10 g/100 ml) at -35°C. Mucoid bacteria require
frequent transfers to prevent outgrowth by nonmucoid
derivatives; cultures were transferred every 4 days.
Incubation was at 37°C unless mentioned otherwise.
Isolation of mutants. For the isolation of sugar-
negative mutants, a single mucoid colony of FRD7 was
grown overnight in the synthetic medium described by
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Ohman and Chakrabarty (17) with 50 mM sodium
succinate as the carbon source and 0.2 mM histidine.
It was mutagenized with ethyl methane sulfonate, and
the washed culture was subjected to an alternate cycle
of growth in the permissive succinate medium fol-
lowed by counterselection of mannitol-positive clones
in a medium containing mannitol and carbenicillin (as
in reference 17). A reasonable enrichment of carbohy-
drate-negative mutants was achieved after four cycles.
The culture was plated on the same minimal medium
with 50 mM mannitol and 0.5 mM sodium succinate as
the sources of carbon (19). Colonies that remained
small after 3 days at 37°C were picked; those which
grew on succinate but not on gluconate were tested for
defects in specific enzymes of carbohydrate metabo-
lism. Mutants were maintained on LB agar plates
lacking glucose.
To isolate mutants blocked in the enzymes of the
lower trunk of the Embden-Meyerhof pathway, gluco-
nate was chosen as the permissive substrate and
succinate was chosen as the impermissive substrate
(1); counterselection with carbenicillin was done in
succinate medium. Gluconate-positive colonies failing
to grow on succinate or on glutamate were examined
for enzyme lesions. These mutants were maintained
on plates of gluconate minimal medium (17).
The mucoid parent strain FRD7 was prone to be-
come nonmucoid during mutagonesis and antibiotic
selection particularly when the alginate-promoting
growth medium (17) was used with a supplementation
of 30 mM (NH4)2SO4, called modified Mian medium.
Mutagenized cultures were streaked daily on LB agar
plates to monitor the appearance of nonmucoid rever-
tants. Runs were abandoned whenever a particular
culture contained more than 5% of nonmucoid colo-
nies.
For the isolation of revertants, the mutants were
grown overnight in permissive medium, and an appro-
priate sample of the washed bacterial suspension was
plated on the medium in which the mutants were
Unable to grow. The mannitol-negative succinate-posi-
tive mutants were reverted on media containing glu-
cose, mannitol, or gluconate, whereas the glutamate-
negative gluconate-positive mutants were reverted on
plates containing either glutamate or succinate as the
sole source of carbon. Infrequent colonies appearing
on these plates were purified and kept for further
studies.
Alginate synthesis in resting cells. Cells grown over-
night in liquid media were washed twice with saline
and suspended in 10 mM phosphate buffer in 150 mM
NaCl (pH 7.4) containing 0.5 mM MgCl2 at a concen-
tration of 1 to 2 mg of wet cells per ml. Gluconate,
glutamate, glycerol, etc., used as precursors of algi-
nate, were present at a concentration of 10 to 20 mM.
Incubation was done in 50-ml sterile Erlenmeyer flasks
containing 5 ml of the bacterial suspension in a gyrato-
ry shaker at 37°C. Samples of 0.5 ml were taken at
intervals and centrifuged, and the alginic acid was
estimated in the supernatants after dialysis for 18 h at
room temperature with several changes of distilled
water. The modified procedure of Knutson and Jeanes
(7) was used to estimate alginate.
Enzyme assays. The activities of 6-phosphoglucon-
ate dehydrase and 2-keto 3-deoxy 6-phosphogluconate
aldolase were estimated by the procedure of Kovache-
vich and Wood (8, 9). Phosphomannose isomerase was
assayed by the method of Kang and Markovitz (6). All
other enzyme assays have been described previously
(11). Reactions were conducted in 1-ml cuvettes in a
Gilford 2600 spectrophtbtometer system at 340 ntn.
Cell extracts were prepared by sonication in 50 mM
potassium phosphate buffer (pH 7.4) containing 0.5
mM EDTA and 0.2 mM dithiothreitol, followed by
centrifugation at 15,000 x g for 10 min. For the assay
of 6-phosphogluconate dehydrase and phosphoman-
nose isomerase activities, EDTA was omitted. Results
for enzyme assays have been expressed as milliunits of
enzyme activity, i.e., nanomoles of substrate con-
sumed per minute per milligram of protein.
Chemicals. 2-Keto 3-deoxy 6-phosphogluconate al-
dolase was prepared from Pseudomonas putida
PRS2015 by the method of Meloche et al. (15). The
first (NH4)2SO4 precipitate was used as the source of
the enzyme.; it was free of dehydrase activity. 2-Keto
3-deoxy 6-phosphogluconate was prepared from glyc-
eraldehyde 3-phosphate and pyruvate by using this
aldolase preparation (14). All other enzymes and sub-
strates were from Sigma Chemical Co.
RESULTS
Synthesis of alginate by resting ceils of wild-
type strain. Results in Fig. 1 show a typical
experiment which describes the synthesis of
alginate by a resting-cell suspension of wild-type
strain FRD1 from the following six precursors:
glycerol, fructose, mannitol, glucose, gluconate,
0.4
~0.2
0.0
HOURS
FIG. 1. Time course of alginic acid synthesis in a
wild-type strain of P. aeruginosa. Mucoid strain FRD1
was grown overnight in modified Mian medium with
100 mM gluta*hate and 50 mM gluconate. The cells
were washed and suspended in phosphate saline, as
mentioned in the text, at a concentration giving a Klett
reading of 145 with the red filter. Experimental points
refer to the amount of alginic acid synthesized by the
resting-cell suspensions during the incubation jeriods
indicated on the abscissae. Symbols: 0, glucose; A,
fructose; 0, gluconate; O, mannitol; *, glutamate; A,
glycerol. Concentrations were 10 mM in every case.
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and glutamate. The synthesis from gluconate
took place without any delay but was not sus-
tained very long. Although the synthesis from
fructose was delayed, the amount of alginate
exceeded that made from the other precursors.
The plateauing of the synthesis from gluconate
or glutamate perhaps reflected the exhaustion of
the precursor pool, since higher initial concen-
trations elicited more extensive synthesis.
Characterization of carbohydrate dissimilation-
defective mutants. P. aeruginosa utilizes the
Entner-Doudoroff pathway for the breakdown of
hexose sugars. A sugar such as mannitol is
converted to 6-phosphogluconate through the
enzymes phosphoglucose isomerase and glucose
6-phosphate dehydrogenase (19). Mutants un-
able to grow on mannitol are therefore expected
to carry lesions affecting either the Entner-
Doudoroff pathway or these two enzymes. We
have obtained mutants lacking the following
enzymes in a collection of succinate-positive
mannitol-negative clones: phosphoglucose isom-
erase, glucose 6-phosphate dehydrogenase, 6-
phosphogluconate dehydrase, and 2-keto 3-
deoxy 6-phosphogluconate aldolase. The
mutants were grown overnight in LB broth
lacking glucose, followed by dilution in fresh
medium containing 50 mM gluconate and a fur-
ther incubation for a 6-h period to induce the
enzymes of carbohydrate metabolism (19). The
enzyme deficiencies were associated with defec-
tive growth on specific substrates. Although all
the four classes of mutants were unable to grow
on mannitol (Table 1), the one lacking phospho-
glucose isomerase grew on all the other sub-
strates tested. Its growth on fructose was, how-
ever, slower than that of the wild-type strain.
The mutant lacking glucose 6-phosphate dehy-
drogenase was characterized additionally by a
very slow rate of growth on fructose; it failed to
make visible colonies in 2 days. Longer incuba-
tion led to a faint growth on fructose plates.
Mutants lacking the dehydrase and the aldolase
of the Entner-Doudoroff pathway were impaired
iti growth on most substrates, the dehydrase
mutant being glycerol positive (2).
The growth of mutants in a permissive medi-
um was inhibited by the addition of an impermis-
sive carbon source such as gluconate. This was
found to be associated with the accumulation
inside cells of deleterious levels of substrates of
the blocked reaction. This is illustrated for the
mutants lacking the dehydrase and the aldolase
(Fig. 2). The wild-type strain in contrast had
much reduced amounts of these metabolites.
The results showed that the enzyme activity
measured in cell extracts reflected the situation
in vivo; the dehydrase mutant accumulated 6-
phosphogluconate, whereas 2-keto 3-deoxy 6-
phosphogluconate accumulation was observed
in the aldolase mutant. In contrast, mutants
lacking glucose 6-phosphate dehydrogenase
were not found to accumulate glucose 6-phos-
phate when incubated with glucose.
The mutants presumably harbored defects in a
single gene determining the activities of the
respective enzymes. A thick suspension of each
of the mutants was plated on minimal media
containing the impermissive substrates, such as
mannitol (mutants 60 and 24), glucose or gluco-
nate (mutants 13 and 1), or a mixture of succi-
nate and glutamate (mutants 1518 and 1504).
Spontaneous revertant colonies appeared at fre-
quencies of the order of 10-6 to 10-7. These
TABLE 1. Growth phenotype of sugar-negative mutants of mucoid P. aeruginosa
Mutant no. Enzyme Growth on:bdeficiencya MtI Fru Gly Glu Gcn Suc Gtm
60 PGI (6) - + + + + + +
24 ZWF (1) - -C + + + + +
13 EDD (3) - _C + _ _ + +
1 EDA (O4) - _C _ _ _ + +
1518 GAP (0.6) + + + + + - -
1504 PGK(0.3) + + + + + - -
FRD7 (wild type) None + + + + + + +
a PGI, Phosphoglucose isomerase; ZWF, glucose 6-phosphate dehydrogenase; EDD, 6-phosphogluconate
dehydrase; EDA, 2-keto 3-deoxy 6-phosphogluconate aldolase; GAP, NADP-linked glyceraldehyde 3-phosphate
dehydrogenase; PGK, 3-phosphoglycerate kinase. The numbers within parentheses record the respective
mutated enzyme activity as a percentage of that of the wild-type strain grown under identical conditions. The
enzyme activities in milliunits per milligram of protein in the wild-type strain were: PGI, 52; ZWF, 208; EDD,
150; EDA, 250; GAP, 254; and PGK, 344.
b Growth was scored on day 2 in minimal plates containing 50 mM carbon sources: Mtl, mannitol, Fru,
fructose; Gly, glycerol; Glu, glucose; Gcn, gluconate; Suc, succinate; Gtm, glutamate. +, Growth; -, no
growth.
c Very little growth in 2 days; longer incubation allowed slow growth on fructose.
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FIG. 2. Kinetics of intracellular accumulation of
metabolites in P. aeruginosa mutants lacking 6-phos-
phogluconate dehydrase (edd-1) and 2-keto 3-deoxy 6-
phosphogluconate aldolase (eda-J). The mutants and
the wild-type strain were grown overnight in modified
Mian medium with 100 mM glutamate and induced
with 50 mM gluconate for 4 h in fresh medium before
harvesting. The washed cells were suspended in 50
mM potassium phosphate buffer (pH 7.6) and bubbled
with a stream of air over a magnetic stirrer. At time
zero, 20 mM gluconate was added. Samples were
withdrawn into a final concentration of 0.5 N HCO04
and left for 15 min for extraction, and metabolites in
the neutralized supernatants were measured (11) spec-
trophotometrically with 6-phosphogluconate dehy-
drogenase for the assay of 6-phosphogluconate (6PG)
and 2-keto 3-deoxy 6-phosphogluconate aldolase and
lactic dehydrogenase for the estimation of the 2-keto 3-
deoxy 6-phosphogluconate (KDPG). Cell concentra-
tions in milligrams (wet weight) per milliliter of: sus-
pensions were: wild-type strain FRD7, 32; edd-1, 40;
eda-1, 36.
were purified and tested for growth on media
containing the other carbon sources. The spon-
taneous revertants regained the ability to grow
on all the compounds for which the mutants
were negative. Separate experiments indicated
that the revertants of mutants lacking phospho-
glycerate kinase and 2-keto 3-deoxy 6-phospho-
gluconate aldolase had regained the correspond-
ing enzyme activities. We concluded that the
mutants had possibly no other enzyme defects
besides the one in question. The reversion
events also conferred the ability to synthesize
alginic acid from the carbon sources, which
were impermissive for the mutants.
Alginate synthesis by resting cells of carbohy-
drate dissimilation-defective mutants. Results in
Fig. 3 depict the kinetics of alginic acid synthesis
by buffered suspension of the mutant bacteria.
Synthesis of alginate from glutamate continued
in all the mutants at rates comparable to that
seen in the wild-type strain. Rates from the
glucose 6-phosphate dehydrogenase mutant
(Fig. 3) were the most rapid of all, namely, 40 mg
of alginate per h per g of wet cells, correspond-
ing to ca. 50 nmol of guluronic or mannuronic
acid equivalent per mg of protein per min. The
synthesis from the other carbohydrate precur-
sors depended on the metabolism of the sugar.
Thus, the phosphoglucose isomerase mutant
synthesized alginic acid from all the sugar pre-
cursors except mannitol. The glucose 6-phos-
phate dehydrogenase mutant synthesized the
polysaccharide from all but mannitol and glu-
cose. In the mutants affected in the Entner-
Doudoroff dehydrase and aldolase (Fig. 3C and
D), the synthesis from gluconate was arrested as
well. Glycerol permitted synthesis in all the
mutants, and so did fructose; however, in the
dehydrase mutant, the synthesis from fructose
was found to plateau off after 4 h. This was seen
in another independent isolate of the dehydrase
mutant. Since the dehydrase mutant accumulat-
ed 6-phosphogluconate (Fig. 2), it is possible
that the cessation of alginate synthesis from
fructose in the dehydrase mutant reflected the
inhibition of some step in alginate biosynthesis
by a metabolite that accumulates in the dehy-
drase mutant rather than a metabolic block that
prevents the flux of the sugar along the pathway
of alginate biosynthesis. The extensive synthesis
permitted in the aldolase mutant from fructose
justifies this assumption. These results provided
definitive evidence that the Entner-Doudoroff
pathway enzymes play a major role for alginic
acid biosynthesis from mannitol, glucose, or
gluconate in mucoid P. aeruginosa.
Alginic acid synthesis in mutants of P. aerugin-
osa affected in 3-phosphoglycerate kinase and
glyceraldehyde 3-phosphate dehydrogenase. By
looking for mutants that could grow on gluco-
nate but were unable to grow on gluconeogenic,
precursors, we isolated seve-ral mutants that
grew on the following compounds as the single
source of carbon: mannitol, fructose, glycerol,
glucose, and gluconate. However, they failed to
grow on all gluconeogenic compounds such as
lactate, glutamate, succinate, or their mixtures.
Assay of enzymes in crude cell extracts indi-
cated that most of these mutants were deficient
in 3-phosphoglycerate kinase, whereas one mu-
tant was deficient in the activity of glyceralde-
hyde 3-phosphate dehydrogenase. Isolate 1504,
lacking the kinase, was taken as a prototype of
the former class, whereas isolate 1518 represent-
ed the mutant with the dehydrogenase deficien-
cy. Their growth behavior is recorded in Table
1. The mutated enzyme activities are also indi-
cated. Both the mutants were defective in glu-
SPG. dd I
OPG. wild type KDPG. wild type
b__J _____ ____. ___
_m
S - -ML -
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FIG. 3. Kinetics of alginate synthesis by a resting-cell suspension of P. aeruginosa mutants. (A), (B), (C), and(D) refer, respectively, to mutants lacking phosphoglucose isomerase (pgO), glucose 6-phosphate dehydrogenase(zwj), 6-phosphogluconate dehydrase (edd), and 2-keto 3-deoxy 6-phosphogluconate aldolase (eda). The strains
were grown on modified Mian medium with 100 mM gluconate and 100 mM glutamate for 14 h; the pgi mutant
was grown for 60 h. The&final cell density was adjusted for all suspensions to 148 ± 2 Klett units. Other details are
as described in the legend to Fig. 1. Symbols: 0, glucose; *, gluconate; *, glutamate; O, mannitol; A, fructose;
A, glycerol. Substrate concentrations were 20 mM each.
coneogenic growth but were otherwise normal.
Spontaneous reversion of these mutants yielded
colonies that were able to grow on lactate,
succinate, and glutamate, leading to the restora-
tion of the 3-phosphoglycerate kinase activity.
None of the revertants from the dehydrogenase
mutant, however, showed any activity of the
glyceraldehyde 3-phosphate dehydrogenase
with NADP as the electron acceptor in crude
cell extracts. Whether this was due to the resti-
tution of a particularly labile enzyme activity as
a result of mutations in the structural gene has
not been det6tiined. The revertant extracts,
howeye,r, continued to have an NAD-linked
glyceraldehyde 3-phosphate dehydrogenase ac-
tivity like wild-type strains FRD1 or FRD7. The
NAI)-linked enzyme constituted only about 5%
of the activity of the NADP enzyme in the wild-
type strain grown on glutamate.
Figure 4 depicts the kinetics of alginate syn-
thesis in resting-cell suspensions of these two
mutants. Althodgh alginate synthesis continued
as in the wild-type strains from sugars, glycerol,
or gluconate, no synthesis was observed from
either glutamate or succinate in these mutants.
This result indicated that glyceraldehyde 3-phos-
phate must be generated by way of the glyceral-
dehyde 3-phosphate dehydrogenase reaction so
that gluconeogenic precursors may synthesize
alginic acid in mucoid P. aeruginosa. Together
with the results in Fig. 3, these experiments
demonstrate the indispensability of glyceralde-
hyde 3-phosphate or some metabolite derived
from it or both in alginic acid biosynthesis.
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isomerase per mg of protein, the Pseudomonas
strains had less than 1 MU of this activity per mg
of protein in cell extracts. The fact that the
absence of activity was not due to the presence
of an inhibitor was confirmed by mixing the
extracts of mucoid or nonmucoid Pseudomonas
strains with that of E. coli. The Pseudomonas
extracts also lacked the activity of phosphoman-
nose mutase that has been suggested to convert
mannose 6-phosphate to mannose 1-phosphate
(20, 21).
DISCUSSION
The experiments with sugar-negative mutants
of P. aeruginosa reported here revealed an
unexpected feature of alginic acid biosynthesis
(Table 2). The primary role of the Entner-Dou-
doroff pathway enzymes in the synthesis from
glucose, gluconate, and mannitol is evident. The
role of these enzymes in the metabolism of
carbohydrates in P. aeruginosa is also well
documented (19). This shows that the alginate
biosynthetic pathway deviates from the route of
carbohydrate breakdown only after the hexose
skeleton is cleaved into three-carbon intermedi-
ates. Is metabolic conversion of glyceraldehyde
3-phosphate along the Embden-Meyerhof path-
way or that of pyruvate along the tricarboxylic
acid cycle required for alginate biosynthesis?
Work with mutants lacking the enzymes 3-phos-
phoglycerate kinase and glyceraldehyde 3-phos-
phate dehydrogenase provides important clues
to this question. Results in Table 2 show clearly
that glyceraldehyde 3-phosphate is an intermedi-
ate in the biosynthesis of alginate from glucone-
ogenic precursors. The observation that both the
2-keto 3-deoxy 6-phosphogluconate aldolase and
the glyceraldehyde 3-phosphate dehydrogenase
reactions need to be executed from the direction
of either carbohydrate catabolism or anabolism
points to glyceraldehyde 3-phosphate or a com-
pound metabolically derived from it, such as
fructose 1,6-diphosphate, as the precursor of
alginic acid in P. aeruginosa.
TABLE 2. Alginate synthesis by resting-cell
suspension of mutants defective in carbohydrate
metabolisma
Enzymatic Alginate made in carbon source
defect Mtl Fru Gly Glu Gcn Suc Gtm
PGI - + + + + + +
ZWF - + + - + + +
EDD - + + - - + +
EDA - + + - - + +
GAP + + + + + - -
PGK + + + + + - -
None + + + + + + +
a Data on alginate synthesis are compiled from Fig.
1, 3, and 4. Abbreviations are as in Table 1. +,
Alginate made; -, alginate not made; +, limited
synthesis.
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The earlier studies by Carlson and Matthews
(3) on the incorporation in alginate of carbon
from specifically labeled glucose are in accord
with our results. When C-6 of guluronic and
mannuronic acid residues was decarboxylated
by heating the labeled alginate with HCI, a very
strong asymmetry in the pattern of labeling in
alginate from [1 - 14C]glucose versus
[6-14C]glucose was observed; the 14Co2 ob-
tained from [6- 14C]glucose exceeded that from
[1-14C]glucose by greater than two orders of
magnitude. This suggested that C-1 of glucose
hardly gets incorporated in C-6 of guluronic and
mannuronic acids. This would be expected if
carbon atoms 1, 2, and 3 of glucose are lost as
pyruvate via the 2-keto 3-deoxy 6-phosphoglu-
conate aldolase reactions, and carbon atoms 4,
5, and 6 are retained for alginate synthesis.
Although our results throw no light on the
actual route of alginic acid synthesis from glyc-
eraldehyde 3-phosphate, the earlier suggestion
(20) that mannose 6-phosphate is an intermedi-
ate is rendered untenable. This is borne out not
only by the absence of phosphomannose isomer-
ase activity in several Pseudomonas strains,
including a mucoid variant of P. aeruginosa
PAO (kindly provided by A. Darzins, of this
laboratory), but also by the failure of mannitol to
support alginate synthesis in both the mutants
lacking phosphoglucose isomerase and glucose
6-phosphate dehydrogenase, respectively. We
are unable to explain the discrepancy between
the results of Piggott et al. (20) and ours. The
metabolism of mannitol and fructose has been
suggested by the work of Phibbs et al. (19) to
proceed by the pathway shown in Fig. 5. The
growth properties of mutants described in this
work are consistent with the proposed pathway.
If mannose 6-phosphate produced from fructose
6-phosphate by phosphomannose isomerase
were the precursor of alginate, its synthesis from
mannitol would have been unimpaired in phos-
phoglucose isomerase mutant; so would have
been the synthesis from glucose in the glucose 6-
phosphate dehydrogenase mutant. The fact that
glucose fails to elicit synthesis in this mutant
shows that glucose 6-phosphate is channeled not
via phosphoglucose isomerase but rather
through the Entner-Doudoroff pathway (Fig. 5).
That none of the six enzyme deficiencies
(Table 2) affects the synthesis from glycerol and
fructose suggests strongly that these two precur-
sors follow a metabolic pathway to alginate that
is not used during the metabolism of glucose or
gluconate. The loss of 2-keto 3-deoxy 6-phos-
phogluconate aldolase had practically no effect
on alginate synthesis from either glycerol or
fructose, whereas that from glucose or gluconate
came to a halt. Together with the pattern of
fructose metabolism suggested by Phibbs et al.
Gly Fru Mti Glu Gcn
C.M.
Alginate Gtm, Suc
FIG. 5. Suggested metabolic route of sugars and
carboxylic acids in P. aeruginosa. aGP, ax-Glycero-
phosphate; DHAP, dihydroxyacetone phosphate;
F1P, fructose 1-phosphate; FDP, fructose 1,6-diphos-
phate; F6P, fructose 6-phosphate; G6P, glucose 6-
phosphate; 6PG, 6-phosphogluconate; KDPG, 2-keto
3-deoxy 6-phosphogluconate; Pyr, pyruvate; PEP,
phosphoenol pyruvate; 2PGA, 2-phosphoglycerate; 3-
PGA, 3-phosphoglycerate; DPG, 1,3-diphosphoglycer-
ate; C.M., cytoplasmic membrane. Other abbrevia-
tions are as indicated in Table 1. Mutants are
italicized.
(19), this result may mean that fructose is also
metabolized via fructose diphosphate aldolase to
produce the precursor of alginate biosynthesis.
Glycerol metabolism also culminates in the pro-
duction of glyceraldehyde 3-phosphate as de-
picted in Fig. 5 through glycerol kinase, a-
glycerophosphate dehydrogenase, and triose
phosphate isomerase (2). It would be interesting
to examine the behavior of mutants lacking
fructose diphosphatase and fructose diphos-
phate aldolase. Loss of the former enzyme
should not affect alginate synthesis from fruc-
tose, since triose phosphates can be produced
directly (Fig. 5). Loss of fructose diphosphate
aldolase, on the other hand, should serve to
define the alginate precursor as being a triose or
hexose; if a triose, then glycerol but not fructose
would permit synthesis in a double mutant lack-
ing both the fructose diphosphate aldolase and
any of the enzymes of the Entner-Doudoroff
pathway. If the precursor is a hexose, such a
mutant would make alginate from fructose but
not from glycerol. The critical role of fructose
1,6-diphosphate during alginate synthesis from
mannitol, glucose, or gluconate will be the sub-
ject of a future communication.
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